CUTE convulsive seizures and subsequent epilepsy are recognized complications in patients with SAH. [2] [3] [4] 7, 10, 18, 21, 25, 28 In contrast, nonconvulsive seizures and NCSE are underrecognized complications found in patients suffering severe neurological injury. 8, 17, 33, 36, 37 The entity NCSE is a clinical syndrome that requires a high index of suspicion to diagnose because patients often lack obvious clinical signs of seizure activity. Diagnosis requires EEG evaluations. This syndrome is difficult to treat and requires an aggressive AED regimen and hemodynamic and ventilatory support. 14, 23, 35 Previous reports indicate that NCSE may complicate recovery in 8 to 13% of comatose patients in neurological intensive care units. 5, 6, 8, 16, 36 Because NCSE has the potential to promote additional neuronal damage, those who survive often suffer memory and cognitive impairment, recurrent seizures, or prolonged coma. 9, 19, 20 Identifying the patients at highest risk and developing preventive strategies are critical needs.
Clinical Material and Methods

Patient Population
We identified 389 consecutive patients (mean age 53 years, range 20-82 years) who were admitted to our institution with spontaneous SAH between March 2003 and June 2005. Inclusion criteria were specified as follows: patients 18 years of age or older in whom evidence of SAH was found based on lumbar puncture or CT scanning. Exclusion criteria consisted of the following factors: SAH due to a ruptured arteriovenous malformation; presentation 14 days after ictus; development of NCSE at any admission other than the initial presentation; and recent trauma. Patients with SAH in whom no abnormality was detected on angiography were included. This study was approved by the Institutional Review Board of St. Joseph's Hospital and Medical Center and Barrow Neurological Institute in Phoenix, Arizona.
Clinical Protocol
The EEG findings were evaluated in two groups of patients as follows: 1) those whose declining neurological status (that is, a decrease of 2 or more points on the GCS) could not be explained by vasospasm, infection, metabolic derangement, or rebleeding; and 2) those with persistent coma (that is, GCS score Յ 8). Our electroencephalography services were available 24 hours per day on request. Patients with EEG evidence of seizure activity at the time of the initial study were monitored continuously and treated.
All EEG studies were performed with complete electrode placement according to the International 10-20 system, and were reviewed by a board-certified electroencephalographer. Continuous, real-time EEG monitoring was available at the bedside. Three-minute clips from every consecutive 30-minute epoch were digitally stored for subsequent interpretation of each 24-hour interval. All EEG determinations were based on visual review of the EEG recordings. Data compression techniques were not used.
Patients with recurrent or continuous epileptiform discharges that lasted more than 30 minutes and who had an associated neurological decline were included. 34 The EEG patterns considered to be ictal included PLEDs, BiPLEDs, and GPEDs. Each patient's clinical state was observed by the medical staff, and signs of seizure activity were documented.
Treatment Regimen
Typical treatment regimens included a combination of AEDs, such as phenytoin/fosphenytoin (corrected levels of 10-20 g/ml), levetiracetam, and phenobarbital (corrected levels of 20-40 g/ml). Continuous lorazepam and pentobarbital infusions were used as second-line therapies. The decision to intensify antiseizure therapy to incorporate coma-inducing drugs (in this series, either pentobarbital or lorazepam drip infusion) was individualized, in conjunction with discussions with a patient's family. Factors influencing this decision included the patient's overall prognosis for functional recovery, and coexisting medical problems that potentially increased the risk associated with coma-inducing antiseizure treatment. All patients received aggressive cardiopulmonary and nutritional support. Treatment was continued until seizure control had been obtained, the patient died, or the family decided to withdraw care.
Clinical Data
We reviewed patients' demographic data and their medical and social history taken at presentation. A detailed chart review was performed to examine baseline characteristics and potential risk factors for NCSE. The following factors were documented: a history of epilepsy, clinically evident seizures at the time of presentation, prophylactic AEDs, alcohol use, Hunt and Hess grade, 15 Fisher grade, 11 GCS score, 31 method of aneurysm treatment, aneurysm location, hydrocephalus requiring ventriculostomy, placement of a ventriculoperitoneal shunt, vasospasm confirmed by angiography performed 7 days posthemorrhage, presence of cerebral infarction, and presence of a hematoma or other structural abnormality on CT scans. Medical complications such as cardiac disease and sepsis, and also liver and renal function were examined to assess the overall health of the patient population. Treatment regimens were reviewed, and all EEG tracings were confirmed (J.F.K.). The EEG classification was based on a recently proposed classification system that addresses rhythmic and periodic patterns in critically ill patients. 13 
Outcome Measures
Outcome measures included length of hospital stay, treatment response, GCS score at discharge, and patients' level of function at follow-up visits.
Statistical Analysis
Where appropriate, categorical variables were analyzed for correlation with NCSE by using the chi-square and Fisher exact tests. Continuous variables were tested by analysis of variance and independent t-tests.
Results
Of the 389 patients, 190 (49%) were treated surgically and 164 (42%) were treated using endovascular methods. In 35 patients (9%), no identifiable vascular abnormality was found after repeated angiography, and this group received only supportive care. In 11 patients (3%) a diagnosis of NCSE was made. There were two treatment-related complications. During intraoperative angiography, the patient in Case 4 sustained a nonhemodynamically significant carotid artery wall dissection that required no treatment. The patient in Case 11 sustained a frontal infarct when a middle cerebral artery was compromised after an aneurysm clip migrated postoperatively.
Factors Associated With NCSE
Of the 11 patients with NCSE, 10 were women (p Ͻ 0.05, Table 1 ). All patients had anterior circulation aneurysms (probability value not significant). The group's mean age of 68 years was considerably older than that of the overall patient population (p Ͻ 0.05). These patients tended to present with a poor neurological grade (Hunt and Hess Grade III, IV, or V; p Ͻ 0.05), and most had thick cisternal clots, parenchymal lesions, or both (Fisher Grades 3 and 4, p Ͻ 0.05). Interestingly, NCSE complicated the hospital course of patients regardless of treatment modality (not significant). None of the patients with normal findings on cerebral angiograms had a diagnosis of NCSE (p Ͻ 0.05). Ventriculostomy placement (11 patients) and angio-graphically confirmed vasospasm (nine) were common in this group, whereas the use of prophylactic AEDs (one patient), a history of alcohol abuse (none), premorbid epilepsy (none), and intracranial hypertension (two) were infrequently observed (Table 2) .
Imaging findings both at presentation and at the time of the NCSE diagnosis were also reviewed (Tables 1 and 3 ). All patients had either Fisher Grade 3 hemorrhage, IPH, or both at presentation, compared with 250 (64%) of the overall cohort (p Ͻ 0.05). Eight (73%) of the 11 patients had structural lesions at seizure onset, including six (55%) with resolving IPH and two (18%) with infarcts. The other three patients (27%) had thick, resolving subarachnoid clots.
Clinical Course of Patients With NCSE
These patients had multiple medical comorbidities and complicated hospital courses ( Table 2 ). Infections (10 patients), cardiac disease (five), and the need for vasopressors and ionotropes to maintain hyperdynamic therapy (seven) were common. In contrast, hypoglycemia (none), sodium abnormalities such as salt wasting (three patients), diabetes insipidus (one), and renal insufficiency (one) were uncommon.
The onset of NCSE was noted from Days 2 to 20 (mean onset Day 10) after hemorrhage (Table 3) . Nine patients (82%) experienced nonconvulsive seizures according to EEG recordings, in an intermittent but recurrent pattern. One patient (Case 4) experienced a single event with multifocal EEG seizure activity that responded to AED therapy and did not recur. One patient (Case 6) experienced a refractory and continuous state of nonconvulsive seizure activity that could be suppressed only with pentobarbital drip infusion. In three patients (27%), brief, clinically evident seizures were observed during hospitalization before NCSE was diagnosed. In three other patients, brief, clinically evident seizures were noted after NCSE resolved. Four patients (36%) required shunt placement after the ventriculostomy wean failed. In three of these (Cases 5, 8, and 10), NCSE started or relapsed soon after shunt placement.
To illustrate the clinical neurological assessment of these patients, GCS scores obtained at key points during the hospitalization are presented in Table 4 . Nine patients (82%) who could follow simple commands (GCS motor score of 6) before experiencing seizures never recovered to this level of functioning. The clinical syndrome accompanying the seizures was a nonspecific decline in consciousness in nine patients (82%) without overt signs of seizure activity. Two patients had subtle clinical signs in association with an ictal EEG study, with rhythmic eye movements in one and rhythmic twitching of the eyelids in the other.
Treatment and Outcome
Patients with NCSE were difficult to treat effectively (see Tables 3 and 4) ; durable control of NCSE patterns was obtained in only four patients (36%). None of these four (in Cases 3, 4, 5, and 8) required administration of pentobarbital or lorazepam infusions. Their seizures were controlled with a combination of noncoma-inducing AEDs such as intravenous fosphenytoin or phenobarbital, or with nasogastric administration of levetiracetam or zonisamide. Both of the patients who survived with good functional outcomes were in this group.
More commonly, seizure activity ceased transiently, or it resumed after pentobarbital or lorazepam suppression was discontinued. Of the seven patients in whom durable control of NCSE could not be obtained, six were treated with continuous intravenous drip infusion of coma-inducing drugs (pentobarbital in three patients and lorazepam in three). The EEG patterns in these six cases during treatment with coma-inducing drugs included continuous background in two (both receiving lorazepam) and burst suppression in the other four. Of these four patients with burst-suppression EEG patterns, two (both receiving pentobarbital) had substantial intervals (Ͼ 1 hour in duration) of complete EEG flattening.
The duration of hospitalization ranged from 7 to 36 days (mean 21 days). The most common disposition was the implementation of comfort care measures at the discretion of families. Two patients survived to hospital discharge and are now living independently.
Characterization of EEG Abnormalities
Bedside EEG monitoring was used either continuously or intermittently for a mean of 8.8 days (range 2-23 days). Ictal patterns were intermittent in nine patients (82%). At least one seizure was observed to last more than 1 hour in 10 patients (91%). The dominant ictal EEG morphological pattern consisted of GPEDs in five patients (45%), PLEDs
J. Neurosurg. / Volume 106 / May, 2007
Nonconvulsive seizures and subarachnoid hemorrhage 807 in three (27%), BiPLEDs in two (18%), and highly focal spike discharges in one (9%). Morphological patterns varied in nine patients (82%) and were highly consistent in two (18%). The correlation between focal localization on the EEG study and the location of intraparenchymal lesions on neuroimaging was relatively poor (Table 3) . For example, in three patients in whom a well-defined single intracerebral hemorrhage or cerebral infarction associated with SAH was found (the patients in Cases 1, 6, and 11), one showed GPEDs, one an ipsilateral PLED pattern, and one a BiPLED pattern. There was no obvious relationship between EEG morphological pattern and clinical outcome.
Discussion
Nonconvulsive status epilepticus is increasingly recognized as an important clinical entity in critically ill patients. 8, 17, 33, 36, 37 This entity is medically refractory, often occurs in the setting of multiple comorbidities, and portends a poor prognosis. Strategies designed to identify at-risk patients and to prevent or treat seizures expeditiously are needed. Towne et al. 33 noted that 8% of comatose patients in the neurological intensive care unit suffered this complication. Causes included head trauma, stroke, anoxia, and infection. Vespa and colleagues 36 described six patients with NCSE after head trauma. Dennis et al., 8 Young et al., 37 A. S. Little et al. and Claassen et al. 6 have begun preliminary investigations of SAH. In this report, we sought to expand the literature on the risk factors for NCSE, to evaluate EEG morphological patterns, and to identify a patient population that may benefit from preventive strategies.
This investigation represents the largest to date in which patients with NCSE are compared against a larger population with SAH. Several interesting trends were noted. Advanced age; female sex; symptomatic hydrocephalus requiring diversion of cerebrospinal fluid; Hunt and Hess Grade III, IV, or V; Fisher Grade 3 or 4; and structural lesions such as IPH or stroke were common. These associations are explained in part by the fact that in patients with cortical injury and/or thick clots of cisternal blood, there are numerous potential epileptogenic foci. In contrast, patients with a good neurological assessment at presentation (Hunt and Hess Grade I or II) and thin or absent cisternal clots (Fisher Grade 1 or 2) were at lower risk than their counterparts. It is unclear why women seem to be at higher risk.
Interestingly, none of the patients with normal results on angiography experienced NCSE. This finding strengthens the proposed role of these factors in the development of NCSE. Compared with their counterparts in whom identifiable lesions were noted, these patients tended to be younger, to have a better neurological grade and less cisternal blood, and required diversion of cerebrospinal fluid less frequently (data not shown). Together, the patients at highest risk represented approximately 20% of the population with SAH seen at this institution.
Other factors previously described as associated with seizures or NCSE in the population with SAH, such as alcohol consumption, clinically evident seizures at the time of presentation, history of epilepsy, cerebral edema, and craniotomy, 3, 12, 18, 24, 26, 30, 32 were infrequent in this series. The proconvulsive properties of electrolyte abnormalities have also been documented. 1 At ictus, only one of our patients had an abnormal sodium level, and no patient suffered from hypoglycemia.
Our results diverge from other reports in several important ways. One distinctive feature is that NCSE developed in patients who had been successfully resuscitated to good neurological grades. Of the 11 patients, nine (82%) could follow simple commands before the onset of NCSE. In other studies, NCSE was documented in neurologically devastated patients and the outcome was universally poor. 17, 22, 36 This observation leads us to suggest that NCSE can develop in patients who may otherwise have a reasonable prognosis. The fact that two patients survived to live independently underscores this point. The EEG findings here also differ from those in other analyses. Authors of a previous study observed focal rather than generalized discharges, 8 whereas generalized morphological patterns were most common in our series. Another difference is in the correlation of the imaging findings with EEG tracings. Most patients had structural lesions such as intracerebral hemorrhage or infarct. The presence of structural lesions is a known risk factor for seizures in several contexts. 7, 29, 30 Interestingly, we were unable to correlate the anatomical location of the lesion with the epileptic focus, from which we infer that structural lesions are a marker for high-risk patients but do not necessarily predict seizure localization in this acute setting.
The timing of shunt placement in these patients also needs to be considered carefully, because three of the four patients who required a shunt experienced either NCSE or a relapse soon after shunt placement. A new cortical injury related to placement of the ventricular catheter or missed perioperative doses of anticonvulsants could be responsible. This possibility needs to be studied in more detail to clarify the risks of additional surgery in such patients.
Several methodological issues regarding the current study require further comment. This series involved a consecutive cohort of patients with SAH. However, continuous EEG monitoring was not performed in all comatose or poorly responsive patients. The detection of NCSE required clinical suspicion on the part of the treatment team. Therefore, the overall incidence of 3% probably represents an underestimate. The cohort was biased toward patients who experienced a marked neurological decline, which prompted an evaluation to identify the cause. Routine continuous EEG monitoring of all patients with altered mental status would lead to more prompt recognition, but this method is labor-intensive and costly. 5 We are currently studying whether such monitoring improves outcomes. E1M5VT  E1M5VT  E1M3VT  21  comfort measures, death  2  E3M6V4  E3M5VT  E3M5VT  E1M3VT  27  comfort measures, death  3  E4M4V4  E3M5VT  E4M6VT  E4M6VT  18  living independently  4  E4M6VT  E2M5VT  E1M5VT  E1M5VT  19  comfort measures, death  5  E1M4VT  E1M3VT  E2M3VT  E2M3VT  20  living independently  6  E4M6VT  E3M5VT  E1M1VT  E1M1VT  15  comfort measures, death  7  E3M6VT  E2M4VT  E2M4VT  E2M4VT  7 terns found in critically ill patients with neurological disease also needs to be addressed. 13 These patterns vary significantly over time. Changes in EEG patterns during the clinical evolution of a case need to be characterized and quantified in a reproducible and valid fashion. As more is learned about the spectrum of EEG abnormalities and responses to treatment, better treatment guidelines may help improve survival rates.
Our findings predict a frequently poor but not hopeless prognosis for patients with SAH in whom NCSE develops. In most cases, NCSE in this setting is refractory to even the most aggressive treatment regimens, but some patients can attain meaningful survival, and they deserve intensive therapy. Factors that predict a more favorable outcome, such as certain EEG morphological patterns, require further study. Whether prophylactic AEDs are of benefit in the prevention of NCSE is unclear and is a question that needs to be addressed. The relatively low frequency of NCSE, combined with the adverse reactions associated with AED therapy and its lack of proven efficacy demonstrate that broad preventive therapy is not warranted in all patients with SAH. Nevertheless, a trial in which prophylaxis for this devastating complication is evaluated in high-risk patients should be performed. Finally, we demonstrated that nonconvulsive seizures can occur intermittently or continuously once they develop, and that patients are vulnerable throughout their hospital stay. Because of the intermittent nature of the events and the risk of relapse, these patients require careful surveillance with continuous EEG monitoring.
Conclusions
Nonconvulsive status epilepticus is an underrecognized and poorly characterized complication of aneurysmal SAH. In this study we attempted to characterize the risk factors associated with this complication. Common factors among patients with NCSE were age older than 55 years; female sex; symptomatic hydrocephalus requiring ventriculostomy; presence of a structural lesion; a Hunt and Hess grade of III, IV, or V; and a Fisher grade of 3 or 4. Overall, the patients with the highest risk represented approximately 20% of those admitted. These patients often had numerous associated comorbidities, and their outcome was poor despite aggressive treatment. Intermittent seizure patterns were the most common. Consequently, these patients require careful surveillance with continuous EEG monitoring throughout their hospital stay. In this study we have provided the basis for future investigations to identify the patients at highest risk for NCSE and to develop strategies to prevent this devastating disorder.
